Aiming at demonstrating the feasibility and capability of applying magnetorheological (MR) dampers to the vehicle vibration control, the hyperbolic tangent model is established to characterize the performance of a shear-valve mode MR damper that was developed for a vehicle suspension system in this study. An experimentally derived differential evolution (DE) algorithm is used to find the optimal parameters of the model. To demonstrate the effectiveness of the MR damper for semiactive suspension systems, a model was constructed of a quarter-car suspension system with the damper. A fuzzy control algorithm with a correction factor was adopted to control the output force of the damper and obtain better overall control of the performance of the suspension system. Simulation results indicate that the improved fuzzy control algorithm provides a better ride comfort than normal fuzzy control and passive control. Furthermore, the semiactive suspension system displayed effectively vibration suppression thanks to the MR damper combined with corresponding control algorithms.
Introduction
The suppression of vibration in vehicle suspension systems has recently become an important issue in vehicle dynamics. Passive suspension systems in vehicles do not meet the requirements of ride comfort and driving safety. As a result, more and more attention has been paid to semiactive suspension systems because of their simple structure and low power consumption, while still approximating to the control performance of active suspension. Magnetorheological (MR) dampers are a kind of smart damper, where the working medium uses MR fluid. Unlike traditional hydraulic dampers, the damping characteristics of MR dampers can be quickly and effectively controlled by regulating the current of a magnet coil inside the damper. This makes them well-suited to semiactive suspension control [1] [2] [3] [4] .
Establishing an accurate mechanical model of MR dampers is an important prerequisite for their application in suspension vibration control. However, the constitutive relation of MR fluids under an external magnetic field is rather complicated, making work in this area especially challenging. Recently, several MR damper models have been reported, including the Bingham model [5] , Bouc-Wen model [6] , Improved Dahl model [7] , LuGre friction model [8] , and ANFIS model [9] . Apart from the ANFIS model, all of these are parametric models. The Bingham model uses only three parameters, so it lends itself well to numerical processing. However, it is too simple to accurately describe the damping force-velocity delay of the MR damper. The other three models offer better accuracy, but they all contain intense nonlinear differential equations, which inevitably results in difficulties in parameter identification. Recently, a mechanical model has been developed that is based on a hyperbolic tangent function, which is employed to describe the hysteretic behavior of MR devices. The use of the explicit mathematical expression was found to improve the accuracy of the model and this has been verified in the literatures [10] [11] [12] . As this approach bypasses the need for highly nonlinear equations, it is better at identifying parameters and more suitable for control applications. We therefore draw upon this approach to capture the dynamic characteristics of the MR damper presented in this study. In the case of nonparametric models, such as the ANFIS model, the identification process is still complicated due to their reliance on special modeling platforms and the long train time.
A semiactive control algorithm is required to precisely control the current or voltage of MR dampers. This makes the application of an advanced control methodology a key aspect of semiactive suspension systems. Numerous control algorithms have been studied in this regard, with the skyhook control strategy being the most typical, as originally proposed by Karnopp et al. [13] . The essence of this strategy is to provide a simple means of achieving on/ off control, with the current (or voltage) of the MR damper jumping between zero and its maximum value. However, this can lead to self-excited vibration phenomena. Fergani developed an observer-based LPV/H∞ controller for MR suspension systems [14] . Simulation results for this controller indicate that it can more effectively reduce the absolute displacement of the sprung mass than would be the case passive suspension. Zhang et al. provided an active disturbance rejection control (ADRC) method to solve the problem of vibration in semiactive suspension systems [15] . However, this kind of control algorithm is relatively complicated and needs the controlled object's model to be extremely accurate. Rashid et al., by contrast, proposed a fuzzy controller for semiactive car suspension systems [16] . This does not rely on a precise mathematical model of the system, and interference from external factors or changes in the system parameters have little impact on the control effect. It also exhibits good levels of robustness. Therefore, it is well-suited to use in automobiles with complicated nonlinear time-variant systems [17] [18] [19] .
In this paper, a shear-valve mode MR damper is proposed as a way of realizing semiactive control of vehicle suspension systems. In the next section, a description of the damper prototype and an experimental device are presented and the nonlinear characteristics of the damper are investigated experimentally. The hyperbolic tangent model of the MR damper is established in Section 3. In Section 4, an improved fuzzy control algorithm is applied and the performance of a semiactive suspension system with an MR damper is assessed under random road excitation. Finally, the conclusions are presented in Section 5.
Experimental Testing of the MR Damper
The MR damper employs the magnetic field generated by coil current to change flow behaviors of magnetic packing medium at the gap between the piston and cylinder, so as to carry out the effective control of damping force. According to the operation principle of MR damper, a prototype shearvalve mode MR damper with a double rod structure is first of all manufactured. Figure 1 shows the structure of prototype. The inner cylinder of the device which was filled with commercial MR fluid, MRF-140 (LORD Co., USA), was completely divided into an upper and lower working chamber by the piston. The piston did reciprocating motion in the cylinder. When it moved, the volume of the upper chamber was always equal to volume of the lower chamber. As a result, there is no need for air chamber compensation, thus avoiding the influence of rigid nonlinear compensation on the damper's properties. The proposed damper was tested using a computer-controlled MTS machine (PA-100, Shenyang, China), which was equipped with force and displacement transducers, as shown in Figure 2 . The MTS machine was driven by a hydraulic actuator that could impose an axial load on the specimens. In addition, the MTS machine comprised a powerful signal data acquisition system, which offered complete on-line data acquisition for the damping force and displacement caused by the MR damper. During the experiments, a DC power supply was used to generate current in the EM coil of the MR damper. The excitation signal chosen for the test was a sinusoidal wave with an amplitude of 4 mm. The excitation frequency was set at 2 Hz. The current applied to the magnetic coil was stepped between 0 A and 0.15A at 0.05 A intervals. Additional currents of 0.25A and 0.3A were applied. Hysteretic curves for the measured forcedisplacement ( Figure 3 
Dynamic Modeling of the MR Damper

Hyperbolic Tangent Model.
The numerical stability of the hyperbolic tangent model during severe nonlinear damper behavior made it an appropriate choice for characterizing the dynamic response characteristics of MR dampers. The conceptual configuration of the mechanical model is shown in Figure 4 . In this model, a hysteretic component is used to describe hysteresis characteristics and a set of spring-dashpot elements is used to describe the viscous damping and stiffness characteristics.
The expression of this model is given as [12] :
where 0 and 0 are viscous damping and the stiffness coefficients, is a scale factor, 0 is an offset of the output damping force, acts as the hysteretic variable, and V are the shape parameters controlling the slope and width of the hysteresis loops respectively, and sgn(⋅) is the signum function.
Combining these two formulas yields
A set of six constant parameters that relate the characteristic shape parameters to the excitation current was identified and this set of parameters was represented as follows:
Estimation Using Sensitivity
Analysis. Sensitivity analysis uses a sensitivity coefficient to show the impact of input variables on the output value of a model [20] . The larger the sensitivity coefficient, the greater the influence of the variable on the output of the model [21] [22] [23] . The sensitivity coefficient can be considered as a quantitative expression of parameter sensitivity. Firstly, one model parameter is specified and the output response of hyperbolic tangent model will be solved under the condition that the value of the parameter is gradually changed. Then, the result will be compared with the model output response obtained from the reference value of this parameter to evaluate the influence of the model parameter on the model output. The formula for calculating the sensitivity coefficient is as follows:
where is the damping force obtained by substituting the reference values of the parameters into the MR damper model; refers to the variable parameters substituted into the corresponding damping force obtained by the model. N is the number of sampling points.
In this study, correlation between the various parameters in the model was not considered. This meant that the other parameters could be fixed while the sensitivity of a single parameter was examined. The reference values of the parameters in the hyperbolic tangent model were defined as Figure 5 depicts the sensitivity of each parameter in the hyperbolic model. As can be seen, the sensitivity of parameters and 0 is the greatest, with it increasing as the range of variation ranges increases. When decreases or increases by the same magnitude, the effect of the increment in the value of upon the model is larger than that of a decrease in the value . The sensitivity values for the other parameters are less than 0.1, which means they are not sensitive to the output force of the model.
Parameter Identification and Validation.
Once a mechanical model is utilized to describe the dynamic characteristics of an MR damper properly, the model's parameters have to be estimated. The differential evolution (DE) algorithm is a novel parallel stochastic optimization method that has attracted lots of attention in recent years [24, 25] . In comparison to other evolutionary algorithms, the DE algorithm has certain disadvantages in terms of optimization and search speed. It uses real number encoding with a difference-based simple mutation operation and a survival strategy of one-to-one competition, thus reducing the complexity of the genetic manipulation. The optimization process of DE algorithm involves three basic operations: mutation, crossover, and selection. Initially, a group of the random initialized population can be generated in the feasible solution space of an optimization problem. Furthermore, through mutation and crossover operations, new individuals would be generated to form new generations. Finally, the selection operation can be performed on the individuals among the two populations to retain the best individuals for the next population. The entire implementation process of the algorithm is performed as described in [26] . In this work, the control parameters used in the DE algorithm are given by the maximum number of evolutionary generations = 400, the crossover factor CR = 0.8, and the mutation scale factor F=0.5. Figure 6 depicts a comparison between the measured responses (denoted by the solid line) and estimated responses (denoted by the dotted line) for the experimental MR damper according to different currents. The excitation frequency and amplitude for these tests were 2 Hz and 4 mm. The parameters of the hyperbolic tangent model are represented as a polynomial function relationship of input current and are as follows [6, 27, 28] : The values for the identification parameters of the hyperbolic tangent model at various current levels are listed in Table 1 .
Controller Formulation
Quarter-Car Suspension Model with MR Damper.
Prior to executing the semiactive control algorithm, a typical quarter-car model with an MR damper was established (see Figure 7) . This model is known to be able to reflect the essential characteristics of a real vehicle suspension system. By applying Newton's second law, the equations governing the quarter-car model can be expressed as follows:
where is the sprung mass, which represents the car body; is the unsprung mass, which represents the wheel assembly; stands for the stiffness of the suspension system; k is the primary stiffness;
is the displacement of the sprung mass;
is the displacement of the sprung mass; represents the road excitation; stands for the controllable force produced by the MR damper. The parameter values for the quarter-car model are determined: =391 kg, =50.7 kg, = 60000 N/m, and = 181000 N/m.
Improved Fuzzy
Control. By using a fuzzy control algorithm with a correction factor, a fuzzy controller can achieve real-time control by changing the correction factor and adjusting the control rules. The principle of the fuzzy control algorithm with a self-set correction factor is shown in Figure 8 . The improved algorithm has two key parts: First, it defines a two-dimensional fuzzy system that can take the relative velocity (̇−̇) of the suspension and the vertical acceleration (̈) of the car body as its input variables, with the current I of the MR damper serving as its output variable. The discourse domain of the input variables is set as [−1, 1]. The corresponding fuzzy language collection is {NB, NS, ZE, PS, PB}, where each element represents negative big (NB); negative small (NS); zero (ZE); positive small (PS); and positive big (PB), respectively. The discourse domain of the output variables is set as [−1, 1]. The corresponding fuzzy language collection to be taken into account is {S, M, H}. A trigonometric membership function is used for the controller's fuzzy inference. The fuzzy rule table is formed, as illustrated in Table 2 . A detailed analysis and description of normal fuzzy control algorithms can found in [29, 30] .
The other part is the correction factor. The correction factor is determined by established fuzzy rules, as seen in Table 3 . The body's vertical acceleration̈and the relative velocity of the suspensioṅ−̇are taken as the input language variables. The correction factor is multiplied by the scale factor of the fuzzy controller mentioned above. By changing the value of the correction factor according to the adjustment of the scale factor, the output force of the MR damper will be changed to enhance the adaptability of the semiactive suspension system to road excitation.
Numerical Simulations.
In this section, we report on the numerical simulations of the MR controllable suspension system, as described in Section 4.1. The simulations are carried out using Matlab/Simulink. The MR damper model described in Section 3 is also employed in the simulation. Actual timedomain road displacement input is simulated using the power spectrum density of road roughness according to [31] , which is defined aṡ(
where ( ) is random road excitation input, is the cutoff frequency in space domain, ( 0 ) is the coefficient of road roughness and set as 256×10 −6 m 3 in the C-level road condition, and is the vehicle speed and set as 50 m/s. Analyses of the body acceleration, suspension deflection, and tire displacement under random road input are presented in Figures 9-11 and summarized in Table 4 . It is clearly observed that the controlled MR suspension with both the fuzzy controller and the improved fuzzy controller produce a superior damping performance to the passive suspension. For the body acceleration and tire displacement, the improved fuzzy controller generates better results than the ordinary fuzzy controller. It also performed slightly better for the suspension deflection. Body acceleration is the primary indicator for evaluating the ride comfort of a vehicle [32] . According to the vibration standard ISO 2631, ride comfort can be evaluated by using the root mean square of the weighed acceleration of a vehicle's body. The RMS value is also calculated for the suspension deflection and tire displacement. As depicted in Table 4 , when compared to passive suspension, adoption of fuzzy control with the correction factor and traditional fuzzy control lead to 62.7% and 49.6% reduction in body acceleration, a 64.0% and 59.0% reduction in suspension deflection, and a 54.2% and 38.1% reduction in tire displacement, respectively. Additionally, when compared to traditional fuzzy control, semiactive suspension using fuzzy control with a correction factor produces a better damping effect, indicating that use of the correction factor enhances the adaptability of the controller.
Conclusions
In this study, a shear-valve mode magnetorheological (MR) damper is developed to improve the vibration suppression in vehicle suspension systems. The hyperbolic tangent model is established to describe the performance of the MR damper based on experimental data generated when the damper was subjected to sinusoidal excitation. Moreover, a sensitivity analysis for each parameter is performed and the influence of the various parameters on the model output is evaluated. The model parameters are identified by the DE algorithm and confirmed as polynomial functions of the current. Finally, a fuzzy control algorithm with a correction factor is applied in simulation to assess the performance of the semiactive suspension system with an MR damper. The simulation results show that the improved fuzzy controller leads to enhance the riding comfort when compared to passive suspension and greater adaptability under random road excitation. In further work, a bench test will be carried out to validate the simulation results for the vibration reduction performance of the proposed MR damper and semiactive control strategy.
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